A subset of gastrointestinal stromal tumors (GISTs) lack gain-offunction mutations in c-KIT and PDGFR␣. These so-called wild-type (WT) GISTs tend to be less responsive to imatinib-based therapies and have a poor prognosis. We identified amplification of IGF1R in a SNP analysis of GIST and thus studied its potential as a therapeutic target in WT and mutant GIST. Expression of IGF1R and downstream effectors in clinical GIST samples was examined by using immunoblots and immunohistochemistry. The roles of IGF1R signaling in GIST and viability were analyzed by using NVP-AEW541, an inhibitor of IGF1R, alone and in combination with imatinib, or via siRNA silencing of IGF1R. IGF1R was strongly overexpressed, and IGF1R amplification was detected at a significantly higher frequency in WT GISTs, including a pediatric WT GIST, compared with mutant GISTs (P ‫؍‬ 0.0173 and P ‫؍‬ 0.0163, respectively). Inhibition of IGF1R activity in vitro with NVP-AEW541 or down-regulation of expression with siIGF1R led to cytotoxicity and induced apoptosis in GIST cell lines via AKT and MAPK signaling. Combination of NVP-AEW541 and imatinib in GIST cell lines induced a strong cytotoxicity response. Our results reveal that IGF1R is amplified and the protein is overexpressed in WT and pediatric GISTs. We also demonstrate that the aberrant expression of IGF1R may be associated with oncogenesis in WT GISTs and suggest an alternative and/or complementary therapeutic regimen in the clinical management of all GISTs, especially in a subset of tumors that respond less favorably to imatinib-based therapy.
G
astrointestinal stromal tumors (GISTs) are the most common mesenchymal tumors of the digestive tract. Mazur and Clark originally described these tumors in 1983, noting that they contained smooth muscle and neural elements (1) . Clinically, diagnosis of GIST is typically confirmed by immunohistochemical staining of a 145-kDa transmembrane glycoprotein, KIT, referred to as CD117. Molecular genetic studies have shown that the vast majority of primary GISTs (Ϸ70%) possess gain-offunction mutations of c-KIT in exon 9, 11, 13, or 17, and that a subset of GISTs (Ϸ10%) possess gain-of-function mutations of PDGFR␣ in exon 12, 14, or 18 (2) (3) (4) .
Imatinib mesylate is an oral 2-phenylaminopyrimidine derivative that acts as a selective inhibitor against type III tyrosine kinases such as KIT, PDGFR␣ and BCR-ABL (the causative chimeric fusion protein in chronic myelogenous leukemia) (5) . Since its approval by the FDA in 2002, it has been successfully administered to treat patients with metastatic and/or unresectable GISTs (6, 7) . Response to imatinib is correlated with the type of c-KIT and PDGFR␣ mutation present in a given tumor. GIST patients with exon 11 c-KIT mutations have the best response and disease-free survival, whereas GIST with non-exon 11 mutations or wild-type (WT) have a poorer disease-free survival and overall survival (8, 9) . The small but significant portion of GIST patients (10-20%) whose tumors lack mutations in either c-KIT or PDGFR␣ or who possess ''imatinibresistant'' mutations (such as exon 17 mutations in KIT and exon 18 mutations in PDGFR␣) have lower response rates and shorter disease-free progression compared with patients whose tumors have exon 11 mutations.
A subset of GISTs arises in the pediatric age group. A typical pediatric patient presents with anemia secondary to gastrointestinal bleeding, has a median age of 12, and is female (10) . Only 15% of tumors will have evidence of a c-KIT or PDGFR␣ mutation (11) . In general, the growth of these tumors is more indolent, and surgery is a mainstay of therapy; however, tumors can metastasize. There is limited benefit of available drug therapies, including imatinib in pediatric patients. Therefore, identifying additional genetic factors that contribute to the pathogenesis of GIST, independent of KIT and PDGFR␣, may be helpful in developing additional, individually tailored anti-GIST therapies.
Insulin-like growth factor (IGF) signaling plays a critical role in the growth and development of many tissues and regulates overall cell growth (12) . The IGF system is composed of the IGF ligands (IGF-1 and IGF-2), receptors (IGFR), the insulin receptor (IR) and six regulatory IGF-binding proteins (IGFBPs). IGF1R is a transmembrane receptor that interacts with both IGF-1 and IGF-2. IGF1R is activated via autophosphorylation after ligand binding, thereby leading to activation of the mitogenactivated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K) cascades (13) . Because overexpression of IGF1R has been identified in several tumor types (14) (15) (16) (17) and because of its role in metabolism, which potentially has relevance to the survival of malignant cells, IGF1R has become a target for anticancer therapy.
Although aberrant expression of IGF1R is detected in many different types of cancer, little is known regarding the molecular mechanism behind it. It was first reported in 1994 that chromosome 15q26, where IGF1R is located, was amplified in Ͻ10% of breast cancers (18) . Recently, others have reported IGF1R amplification at low levels in pancreatic adenocarcinoma xenografts and in two gastric cancer cell lines and in a small percentage of Wilms' tumors (19, 20) . In this work, we have found that IGF1R is highly expressed in adult and pediatric WT GISTs compared with GISTs with c-KIT or PDGFR␣ mutations. Using genomic real-time PCR and interphase fluorescence in situ hybridization (FISH), we have determined that a significant portion of WT GISTs and in a pediatric case have IGF1R gene amplification. We also show that a tyrosine kinase inhibitor, NVP-AEW541, which targets IGF1R (21), has significant inhibitory effects on IGF1R phosphorylation and on GIST cell proliferation in vitro, regardless of the KIT mutational status and IGF1R expression levels. Furthermore, knocking down IGF1R expression alone by siRNA silencing could induce cytotoxicity, even in the presence of activated KIT. Our findings support the conclusion that IGF1R is driving GIST pathogenesis in tumors lacking c-KIT and PDGFR␣ activating mutations. Therefore, IGF1R should be considered a therapeutic target in all GIST patients, especially adult and pediatric GISTs that express high levels of IGF1R.
Results

IGF1R Is
Highly Expressed in WT GISTs. High-density singlenucleotide polymorphism (SNP) arrays were used to evaluate changes in gene copy number in GISTs. We subjected 24 GISTs and two GIST cell lines, i.e., GIST 882 and GIST-T1 cells, to copy number analysis by using the Affymetrix 50K Xba array. We found frequent loss of chromosomal regions, such as 1p, and monosomy for 9, 14, 15, and 22 that are common to most GISTs (refs. 22 and 23 and data not shown). In addition, we uncovered focal regions of amplification, including the IGF1R locus [supporting information (SI) Table S1 and Y. Skorogabotko, M. Belinsky, and A.K.G., unpublished data]. Based on these observations, immunoblotting was done on fresh-frozen GIST biopsies collected from Fox Chase Cancer Center for phospho-IGF1R and total IGF1R expression. All tumors samples were found to express KIT by standard immunohistochemical approaches. Of the 17 tumors examined, 14 possessed a c-KIT mutation, 1 possessed two individual PDGFR␣ missense mutations within the same allele, and 2 lacked detectable mutations in either gene. Mutation analysis was carried out as described in ref. 4 . Immunoblotting revealed that IGF1R was expressed and activated in all GISTs but was markedly overexpressed (10-to 30-fold) in WT GISTs compared with mutant GISTs (Fig. 1A,  lanes with asterisk signs) . However, phospho-IGF1R levels did not correlate well with overall IGF1R levels. Because there is no other known oncogenic driving force in WT GISTs, we initially concluded that overexpression of IGF1R may be a key tumorigenic event for this subset of GISTs.
IGF1R Mutational and Gene Amplification Analyses. We next sought to determine whether IGF1R is mutated in WT GISTs. We were able to isolate DNA from 10 fresh-frozen WT GISTs collected by needle biopsy. We examined the tumor DNA for potential gain-of-function mutations in IGF1R and performed mutational analyses of the exons encoding the juxtamembrane domain and the entire kinase domain of the receptor. No mutations in IGF1R were found in the WT GISTs. We detected a polymorphism (IGF1R-c.3129A Ͼ G; p.E1013E) in exon 16 of IGF1R in 30% of the WT GIST samples (3 of 10 samples) that was also found in 40% of an age/race/gender-matched disease-free control population (data not shown).
To validate the SNP array results and determine whether enhanced expression of IGF1R might be associated with gene amplification, we developed a genomic-based quantitative PCR assay to evaluate IGF1R gene copy number in mutant and WT GISTs. When tested on WT GISTs, we demonstrated that 7 of the 10 WT GISTs possessed amplified IGF1R (copy number range, 2.5-4 copies), compared with only 5 of 18 mutant GISTs showing amplification (P ϭ 0.04) (Fig. S1 ). IGF1R gene amplification was also confirmed by FISH ( Fig. S2 and Table S2 ). These results confirm that enhanced expression of IGF1R in a subset of GISTs is in part associated with gene amplification.
After demonstrating by Western blot analysis that IGF1R is abundantly expressed in WT GISTs ( Fig. 1 A and data not shown), we tested whether immunohistochemistry (IHC) could be used to evaluate IGF1R levels in clinical samples rapidly. We accessed 8 paraffin-embedded WT GISTs, a pediatric GIST, and 16 mutant GIST samples. Slides were stained for IGF1R and KIT expression by IHC and scored according to the criteria described in Materials and Methods. Fig. 1B shows representative examples of IGF1R expression for WT, mutant GISTs, and pediatric GISTs. For the 16 mutant GISTs, the majority showed low or no detectable levels of IGF1R, and none of these tumors was found to express very high levels (overall score of Ͼ2) (Table  S1 ). In comparison, all of the WT GISTs, including the pediatric GIST, showed intense IGF1R staining throughout the tumor (overall score of Ն2) (P ϭ 0.023, two-sided Fisher's exact test). These data further confirm the Western blotting results and indicate that abundant IGF1R expression is much more prominent in WT GISTs (both adult and pediatric) than in mutant GISTs. We also evaluated expression of a number of signaling molecules downstream of IGF1R and KIT, i.e., phospho-AKT (pAKT), phospho-mTOR (pmTOR), and phospho-S6 ribosomal protein (pS6), a protein target for activated mTOR. Interestingly, we observed that the majority of mutant GISTs had higher levels of pAKT and pmTOR compared with WT GISTs (Table  S3 ), suggesting that both WT and mutant GISTs are under oncogenic stimulation albeit driven by different ''oncogenic forces.'' Overall, we found that although IGF1R amplification is not seen exclusively in WT GISTs, it is clearly more prevalent in this subset of GISTs (70% in WT GISTs vs. 27.7% in mutant GISTs, P ϭ 0.01632, two-sided Fisher's exact test). Furthermore, although only a single case was available, it is intriguing to demonstrate that IGF1R is amplified and overexpressed in pediatric GIST, which provides evidence that abnormal regulation of IGF1R may be driving GIST pathogenesis in tumors lacking c-KIT and PDGFR␣ activating mutations. We concluded that IGF1R could be considered a therapeutic target for WT GISTs, including pediatric cases, if not for all GISTs, because the protein is constitutively activated in the vast majority of tumors. 
Inhibition of IGF1R Signaling with NVP-AEW541.
To test the efficiency of the small molecule inhibitor of IGF1R, NVP-AEW541 (Novartis) (24), we first examined MCF7 cells, which are known to have high IGF1R levels (25) , and compared the expression of both pIGF1R and total IGF1R levels in MCF7 cells vs. two of the WT GISTs ( Fig. 2A) . As indicated, no cell lines have yet to be established from WT GISTs; therefore, we used MCF7 cells as a surrogate to evaluate the activity of NVP-AEW541 initially. As shown in Fig. 2 A, MCF7 cells have Ϸ2-to 10-fold higher levels of IGF1R than the WT tumors, but they lack phosphorylation in the absence of IGF-1 stimulation. Stimulation with IGF-1 after serum starvation significantly enhanced pIGF1R in MCF7 cells, which could be completely inhibited by NVP-AEW541 (Fig. 2B) .
Given that IGF1R is expressed and constitutively activated in GISTs, we next examined the effect of targeting IGF1R by using two GIST cell lines (26) . Both GIST cell lines express IGF1R, with higher constitutive levels detected in GIST 882 cells. Importantly, IGF1R is autophosphorylated after serum starvation, and stimulation with IGF-1 increased phosphorylated levels of IGF1R (Fig. 2C and data not shown). As with MCF7 cells, NVP-AEW541 could inhibit IGF1R phosphorylation after ligand stimulation (Fig. 2C) .
We next evaluated the consequence of inhibition of IGF1R by using pAKT and pGSK3␤, and pMAPK1/2 as molecular surrogates of downstream IGF1R signaling. We have evaluated GIST 882 and GIST-T1 cells for response to imatinib and have shown them to be highly reliable models that represent the clinical experience, in that T1 cells that possess an exon 11 c-KIT mutation are more sensitive to imatinib than 882 cells that have an exon 13 mutation (26, 27) . Using standard cytotoxicity assays, we determined the IC 50 of NVP-AEW541 for GIST 882 cells and for GIST-T1 cells to be Ϸ3.9 Ϯ 1.2 M and Ϸ3.7 Ϯ 0.1 M, respectively. We had shown that GIST 882 cells were significantly more resistant to imatinib mesylate than to GIST-T1 cells (26) , but importantly, both were equally sensitive to NVP-AEW541. Interestingly, the dose of NVP-AEW541 required to achieve an IC 50 in MCF7 cells was Ϸ3-fold lower (Fig. 2B ) than in the GIST-T1 and 882 cells, further suggesting that GIST with high levels of IGF1R may be more sensitive to IGF1R-based therapies. As expected, NVP-AEW541 did not have any effect on pKIT levels. However, pAKT and pGSK3␤ were inhibited at 10 M NVP-AEW541 in both GIST cell lines (Fig. 2D) . Interestingly, the effect of IGF1R inhibition on MAPK1/2 signaling was more cell type-dependent, perhaps associated with type of c-KIT mutation, i.e., phosphorylation of MAPK1/2 was inhibited at 10 M NVP-AEW541 in GIST 882 cells, whereas only 1 M was required in GIST-T1 cells (Fig. 2D) .
NVP-AEW541 and Imatinib Have Additive Effects on GIST Cell Growth.
Growing evidence suggests that monotherapies may not be sufficient to eradicate tumor cells effectively and that targeting multiple pathways may be beneficial (28) . Therefore, we examined the consequences of single and combined inhibition of IGF1R and KIT/PDGFR␣ in GIST cells. As shown in Fig. 3 , NVP-AEW541 or imatinib alone (at 10 nM) had little effect on cell viability. However, when GIST-T1 and GIST 882 cells were treated with the combination at doses that induce Ϸ40% cytotoxicity, the decrease in cell viability was similar to or even greater than with NVP-AEW541 or imatinib at the highest doses (10 M). However, inhibiting either KIT or IGF1R activity with these high doses of imatinib or NVP-AEW541 alone appears to be sufficient to induce cytotoxicity and growth inhibition in GIST cells in vitro, indicating little synergistic effect of these two drugs when various concentrations of imatinib are combined with 10 nM NVP-AEW541 and when increasing concentrations of NVP-AEW541 are combined with 10 nM imatinib (Fig. S3) .
Next, we determined the consequence of single and combined inhibition on the molecular surrogates of downstream RTK signaling. As expected, the 10 nM NVP-AEW541 alone or combined with 10 nM imatinib did not inhibit KIT, IGF1R (in the absence of IGF-1 stimulation) or their downstream effectors in GIST cells (Fig. S4) . However, when GIST cells were treated with higher doses (10 M) of NVP-AEW541, or with imatinib alone, or with a combination of NVP-AEW541 and imatinib at the IC 40 concentrations, the phosphorylation of MAPK1/2, AKT, and GSK3␤ was inhibited. These results strongly demonstrate that imatinib and NVP-AEW541 show a potentially additive effect on KIT and IGF1R signaling in GIST, which could be clinically beneficial because imatinib alone is not always curative, especially in metastatic GIST. Indeed, treatment of GIST cells with combined therapy at the IC 40 doses of both drugs achieved a greater inhibitory effect than did either single agent at the highest dose. Importantly, the combined IC 40 doses or 10 M NVP-AEW541 alone induced caspase 3 activity as evidenced by poly(ADP-ribose)polymerase (PARP) cleavage in GIST-T1 cells and to a lesser extent in GIST 882 cells (Fig. S4 and data not shown).
IGF1R Silencing Induces Cytotoxicity in c-KIT Mutant GIST Cells.
We further validated IGF1R as a therapeutic target in GIST by using RNAi approaches. We used GIST-T1 cells for these experiments because this cell line has much higher transfection efficiency than GIST 882 cells. We observed that IGF1R levels were depleted by Ϸ70% after electroporation with small interfering RNAs to IGF1R (siRNA-IGF1R) (Fig. S5A) . Both immunoblots and densitometry quantitations showed that pKIT and pAKT levels remained similar in siRNA-control vs. siRNA-IGF1R-transfected samples; however, there was Ϸ50% decrease in the pMAPK1/2 levels (Fig. S5A , Lower, sicontrol vs. siIGF1R without imatinib treatment). These results suggest that in KIT mutant GIST cells, blocking IGF1R has minimal effect on AKT activation; however, IGF1R depletion does affect MAPK activation. As expected, treatment with imatinib at concentrations as low as 60 nM inhibits KIT and AKT phosphorylation. Importantly, siRNA against c-KIT resulted in KIT knockdown and inactivation of pAKT and pMAPK1/2 (Fig. S5B) . Viability assays revealed that siRNA-IGF1R alone resulted in significant cell death (Ϸ40%), whereas siRNA-KIT caused nearly 80% cell death compared with siRNA-control (Fig. 4) . These data confirm that in these mutant GIST cells, KIT activation is the primary oncogenic event but that IGF1R activation, even in the presence of mutant KIT, may also be contributing to tumorigenesis. Our results also suggest that NVP-AEW541 may possess some unknown off-target activities or that the level of siRNA suppression of IGF1R was not sufficient to elicit complete inhibition of the IGF1R signaling pathway. Discussion IGF1R is activated and signals its downstream pathways after binding of its ligands, IGF1 and IGF-II. IGF1R signaling has been implicated in many different human cancers based on experimental model systems and population studies (29) . Drugs inhibiting this pathway are actively being tested in phase I and II clinical trials (30) (31) (32) (33) . Although it has been shown by others that IGF1R is expressed in a number of hematological neoplasias and solid tumors, the molecular mechanism by which overexpression of IGF1R contributes to cancer is still not clear. In addition, the role of IGFBP-3, a regulator of circulating IGF1 levels, has recently been studied in GISTs. Interestingly, Trent et al. (34) reported that IGFBP-3 expression is regulated by imatinib in GISTs and may play a role in the antitumor activity of imatinib. We have shown that IGF1R expression is enhanced greatly in numerous GISTs and that this enhanced expression is found primarily in GISTs that lack c-KIT and PDGFR␣ mutations (Fig.  1) . Importantly, our results also demonstrated that IGF1R is overexpressed and that the gene may be amplified, in pediatric GIST, a subset of GISTs that commonly lack known oncogenic mechanisms and demonstrate few genomic alterations (11) . The finding of high expression of IGF1R in the pediatric GIST sample is in accordance with a previous publication (35) . Furthermore, our studies suggest that IGF1R may be a relevant target for both mutant and WT GISTs (including adult and pediatric cases), although an in vitro WT GIST model does not currently exist. Importantly, these studies provide insights into the pathogenesis of this disease, namely that IGF1R overexpression may be an important oncogenic event in the pathogenesis of GISTs that lack c-KIT and PDGFR␣ mutations, including pediatric GISTs.
It was demonstrated that imatinib at equivalent drug concentrations has equal efficacy in decreasing the phosphorylation of both WT induced with steel factor and a mutated c-KIT (36) . This finding is in contrast with the clinical experience where the WT GISTs are less likely to have responses to imatinib therapy and have shorter event-free and overall survival compared with GISTs containing exon 11 mutations (8, 9) . WT GISTs have an increased relative risk of disease progression and death from GIST of 108% and 76%, respectively, compared with GISTs containing an exon 11 mutation. Therefore, metastatic GIST patients with WT tumors would benefit from an alternative treatment to imatinib alone, and blockade of the IGF1R pathway may be one such approach.
Our results strongly suggest, because IGF1R is commonly overexpressed in most WT GISTs, that IHC analysis of IGF1R could serve as a rapid means for prescreening GIST, before c-KIT and PDGFR␣ genotyping. Furthermore, we have shown that GISTs lack mutations in the IGF1R juxtamembrane and kinase domains. However, we have demonstrated by genomic qPCR, and we confirmed by FISH, that the majority of WT GISTs, including a pediatric GIST, possess IGF1R amplification, a genomic abnormality that could contribute in part, but not necessarily totally, to the high levels observed. Although IGF1R amplification is not confined to WT GISTs, it is clearly more prevalent compared with mutant GISTs (P ϭ 0.01632). We have also determined that treatment of GIST-T1 and GIST 882 cell lines, with a demethylation agent, 5-aza-2Ј-deoxycytidine, did not result in increased levels of IGF1R (data not shown). This result suggests that transcriptional factors, rather than DNA methylation, may contribute to the regulation of IGF1R in GISTs, although additional studies will be necessary to identify the mechanism. Furthermore, downstream signaling effectors, such as AKT and mTOR, remain active in both WT and mutant tumors (Table S3) , although this pathway seems to be more prominently activated in mutant tumors. This result indicates that both WT and mutant GISTs are under oncogenic stimula- tion albeit driven by different oncogenic forces. This concept is similar to those reported in other types of cancer in which multiple receptor tyrosine kinases (RTKs) are coactivated and thereby limit the efficacy of therapies targeting a single RTK (37) . Our results suggest that aberrant IGF1R expression may be one of several oncogenic forces in this subset of GISTs and thus, represents a therapeutic target to consider in combination with clearly effective, but not always curative, therapies. Even in mutant GISTs, concomitant activation of multiple RTKs, e.g., IGF1R, may serve to reduce dependence on only KIT for the maintenance of critical downstream signaling, thus rendering some tumors refractory to imatinib or related RTK inhibitors. Furthermore, because we demonstrated that the vast majority of GISTs have constitutive activation of IGF1R in the absence of gain-of-function mutations, we examined an IGF1R ligand, IGF-1, in GIST tissue samples and blood from GIST patients for the potential existence of an IGF-1 autocrine loop. Overall, we found comparable levels of IGF-1 in WT and mutant GISTs (data not shown), suggesting similar levels of autophosphorylation of IGF1R via an autocrine loop.
There are now multiple agents available for the inhibition of IGF1R signaling in cancer cells (38, 39) , including IGF-1-and IGF-2-neutralizing antibodies as well as monoclonal antibodies and small tyrosine kinase inhibitors of the receptor itself (29) . We examined the drug NVP-AEW541, which has specific activity against IGF1R, and showed inhibitory effect of cell signaling and growth in mutant GIST cells, which was independent of KIT signaling. Unlike published data that suggest that inhibition of IGF1R enhances the therapeutic effect of or sensitizes tumor cells to standard drug treatment (40, 41) , our results do not show a synergistic effect of NVP-AEW541 and imatinib on GIST cell viability.
Finally, we further examined the role of IGF1R in GIST cell viability by using siRNA silencing. We show that, as with NVP-AEW541 treatment at a high dose (10 M), IGF1R knockdown induces cytotoxic effect in GIST cells, albeit to a lesser degree compared with KIT knockdown (Fig. 4) . This result suggests that in GIST cell lines that harbor mutant c-KIT, the gain-of-function of mutant KIT plays a dominant role in GIST survival. However, unlike NVP-AEW541 treatment at a lethal dose, IGF1R knockdown does not lead to AKT inactivation, indicating that there may be some off-target effects of NVP-AEW541. As with many newer molecularly targeted agents, few have single target specificity. In fact, it is thought that ''dirtier'' drugs, such as sunitinib or AMG706, may be more effective in the clinical setting as long as toxicities are manageable and long-term administration is feasible (42, 43) .
After we submitted this article, Braconi et al. (44) reported that IGF1 and IGF2 expression correlated with relapse in GIST patients, whereas IGF1R expression was strong in all cases. Although different methods were used, taken together with our current and previous observations it appears that abnormal IGF1R signaling may indeed be involved in the pathogenesis of GIST via KIT independent pathways (26) .
In conclusion, we have shown that IGF1R is amplified and overexpressed in the majority of GISTs that lack c-KIT or PDGFR␣ mutations. More importantly, we have shown that imatinib-sensitive and -resistant GIST cells respond equally well to a small molecular inhibitor of IGF1R, suggesting an alternative and/or complementary therapeutic regimen in the clinical management of GIST, especially in tumors that respond less favorably to imatinib-based therapy, including pediatric cases. These findings are particularly exciting given the number of agents targeting IGF1R that are currently being tested in clinical trials. It is feasible in the near future to initiate clinical trials by using IGF1R-targeted therapies for imatinib-refractory GIST patients, initially focusing on adult and pediatric GIST patients lacking c-KIT or PDGFR␣ mutations and expanding possibly to all GIST patients.
Materials and Methods
Cell Cultures. GIST 882 cells that possess a homozygous mutation in KIT exon 13 and GIST-T1 cells possessing a heterozygous mutation in KIT exon 11 were grown as described in ref. 26 . MCF7 cells were cultured in DMEM with 10% FBS and insulin (0.3 unit/ml). For drug treatment, drugs were added directly to the cell medium at the indicated final concentration for the specified period. Imatinib mesylate (Gleevec) was dissolved in sterile PBS and stored at Ϫ20°C. NVP-AEW541 was provided by Novartis and made into a 10 mM stock with DMSO. All antibodies used in this work were purchased from Cell Signaling Technologies, except ␤-actin, purchased from Sigma, and used according to the manufacturer's instructions. Lyophilized recombinant human IGF-1 was purchased from R&D Systems, resuspended in PBS, and stored at Ϫ20°C. The secondary antibody and detection system used for immunohistochemical staining was super-sensitive link-label (biotin-based) IHC detection systems from Biogenex. For siRNA studies, a smart pool of double-stranded siRNA against IGF1R (IGF1R-NM-000875) as well as nonspecific siRNA (D-001206-01) were obtained from Dharmacon Tech. Cell line Nucleofector kit V for electroporation was purchased from Amaxa Biosystems.
Preparation of Whole-Cell Extract (WCE) from Cells and Immunoblotting Assays.
The WCEs were prepared as described in ref. 26 . Table S4 . Each PCR was performed in a 50-l volume containing 10 ng of genomic DNA, a 15 M concentration of each primer, 0.2 mM dNTP, 5 l of 10ϫ reaction buffer, 2.5 mM MgCl2, and 1 unit of AmpliTaq Gold DNA polymerase (Applied Biosystems). The PCR conditions were: 30 s at 94°C, 30 s at 52°C, 1 min at 68°C for 36 cycles followed by a 10-min extension at 68°C. PCR products were analyzed in 2% agarose gel electrophoresis and purified by a PCR purification kit (Qiagen). Direct sequencing was carried out from both directions by using BigDye Terminator V3.1 cycle sequencing kit on an ABI PRISM 3100 genetic analyzer (Applied Biosystems).
DNA Extraction and Mutational
IHC Analysis. IHC staining was performed on 5-m slides. After deparaffinization and rehydration, sections were subjected to heat-induced epitope retrieval by immersion in a 0.01 M citrate buffer (pH 6.0). Endogenous peroxidase activity was blocked for 15 min in 3% hydrogen peroxide in methanol. Nonspecific binding was blocked by treatment with a blocking reagent (protein block serum-free; DAKO) for 30 min at room temperature. The slides were then incubated overnight with primary antibody at 4°C in a humidified chamber. All primary antibodies were diluted to a concentration of 1:50. Immunodetection was performed by using the super-sensitive link-label (biotin-based) IHC detection systems. Histological scoring and analysis. All IHC evaluation was performed in a blinded manner by one author (D.F.). The following criteria were used to assess distribution and intensity of positive tumor cell staining. Distribution. Absent tumor cell staining was scored as 0, Ͻ10% of positive tumor cells staining was scored 1, 10 -50% of cells staining was scored as 2, 50 -90% of cells staining was scored as 3, and Ͼ90 of cells staining was scored as 4. Intensity. Absent staining in tumor cells was scored as 0, equivocal was scored as 1, clearly positive was scored as 2, and strong positive staining was scored as 3. Scoring. The results for intensity and distribution were summed, and a ''score'' assigned as follows: sum of 0, no staining (score 0); sum of 1-3, slight staining (score 1); sum of 4 -5, moderate staining (score 2); and sum of 6 -7, marked staining (score 3).
Cell Proliferation/Viability Assay. Proliferation and viability were assessed with an assay based on the cleavage of the tetrazolium salt WST-1 to formazan by cellular mitochondrial dehydrogenases (Roche). GIST 882 and GIST-T1 cells were seeded in 96-well plates at a density of 1.5 ϫ 10 5 cells per well. Twentyfour hours later, cells were treated with varying doses of NVP-AEW541 and/or imatinib mesylate. Cell proliferation and viability were measured 72 h after treatment with WST-1 reagent. The metabolic activity of viable cells was quantified 4 h later with an EnVision microplate reader (PerkinElmer).
siRNA Transfection. GIST-T1 cells were trypsin-treated and resuspended in Amaxa Nucleofector solution V at a concentration of 1 ϫ 10 6 cells per 100 l. Nucleofection was done by using the T20 program on the Nucleofector II device. Five microliters of each 20 M siRNA was used for electroporation. After electroporation, cells were washed with 3 ml of growth medium, counted, and seeded according to experimental designs.
Statistical Analysis.
All reported values are the means Ϯ SEM. Statistical comparisons were determined with either one-sided (comparing tumor with normal control) or two-sided (comparing WT GISTs with mutant GISTs) Fisher's exact test. Results were considered statistically significant if the P value was Ͻ0.05.
